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SUMMARY
1. The effects on respiratory and sympathetic neural activity, measured as
integrated phrenic and cervical nerve activities respectively, during changing input
from the central chemoreceptors was studied in anaesthetized, paralysed cats whose
carotid sinus nerves and vagus nerves had been cut.
2. Central respiratory drive was altered either by graded cold block of the
intermediate areas, located bilaterally near the ventral surface of the medulla
oblongata, or by step increases in end-tidal Pco,
3. Cervical nerve activity showed both a tonic (or mean) level of activity and a
prominent cyclic discharge that was in phase with phrenic nerve activity.
4. Graded focal cooling of the intermediate areas to 20 TC when end-tidal Pco, was
kept constant caused progressive decreases in phrenic activity, the amplitude of the
inspiratory related discharge and mean arterial pressure, but only a small decrease
in mean cervical nerve activity. Cooling the intermediate areas in the absence of the
inspiratory related discharge (i.e. when phrenic activity was below the apnoeic
threshold) led to a much smaller decrease in arterial pressure.
5. Step increases ofend-tidal PCO2 caused progressive increases ofboth cervical and
phrenic nerve activities. The increase in cervical activity was due primarily, if not
wholly, to a progressive increase in the amplitude ofthe inspiratory related discharge.
6. These findings show that the predominant effect on sympathetic activity during
stimulation of the central chemoreceptor and graded cold block of the intermediate
areas is a change in the amplitude of the inspiratory related discharge and suggest
that the change in arterial pressure that accompanies central chemoreceptor stimu-
lation and graded cold block of the intermediate areas is mediated by the inspiratory
related discharge rather than by an increase in the mean level ofsympathetic activity.
7. When phrenic activity was lowered to below apnoeic threshold by cooling the
intermediate areas, step increases in end-tidal PCO2 caused inhibition rather than
stimulation of cervical nerve activity. This finding indicates that sympathetic
neurones are not activated by central chemoreceptor input directly, but rather




Inhaling increasing amounts of carbon dioxide (C02) leads to progressive increases
in respiration (Pfluiger, 1868; Haldane & Priestly, 1905) and arterial pressure
(Schneider & Truesdell, 1922; Goldstein & DuBois, 1927; Dripps & Comroe, 1947)
in awake human subjects. Similar responses have also been measured in anaesthetized
animals (Suutarinen, 1966; Lioy, Hanna & Polosa, 1978). It is well recognized that
the respiratory response to hypercapnia emanates primarily from the central
chemoreceptors. There is evidence that the central chemoreceptors are also involved
in mediating the circulatory response. For example, superfusion ofthe ventral surface
of the medulla, the proposed site of the central chemoreceptors (Mitchell, Loeschcke,
Severinghaus, Richardson & Massion, 1963; Loescheke, Lattre, Schlaefke & Trouth,
1970), with hypercapnic solution caused proportional increases in phrenic activity,
sympathetic activity and arterial pressure (Lioy, Hanna & Polosa, 1981). Similar
results were obtained when acidic cerebrospinal fluid was placed over the ventrolateral
medulla (Szulczyk & Trzebski, 1976). Although these findings support the view that
the central chemoreceptors are involved in mediating the circulatory response to
hypercapnia, they are not conclusive because they do not rule out the possibility that
either presympathetic neurones located near the ventral surface (Guertzenstein &
Silver, 1974) are activated directly or through the existence of medullary chemo-
receptors that selectively affect the cardiovascular system (Trzebski, Zielinski,
Majcherczyk, Lipski & Szulczyk, 1974).
It has been shown recently by a number of laboratories that focal cooling of the
intermediate areas of the ventrolateral medulla leads to a reduction in respiration
and the response to hypercapnia (Schlaefke & Loeschcke, 1967) and that graded
cooling causes progressive reduction in respiration (Cherniack, von Euler, Homma
& Kao, 1979; Millhorn, Eldridge & Waldrop, 1982). Thus, the respiratory drive
resulting from central chemoreceptor input can be decreased in a decremental fashion
at a constant end-tidal PCO2 by graded cooling of the intermediate areas. This
provides away to study respiratory and circulatory responses to central chemoreceptor
stimulation without the confounding problems associated with changing levels ofCO2
in the blood and brain extracellular fluid.
The purpose of the present study was to examine respiratory and circulatory
interactions when central respiratory drive was altered by (1) graded focal cooling
of the intermediate areas at constant end-tidal PCO2 and (2) step changes in end-tidal
PCO2 at constant intermediate area temperature. In order to avoid complicating
problems associated with central and peripheral feed-back, the experiments were
performed in anaesthetized, paralysed animals whose vagi and carotid sinus nerves
had been cut and whose end-tidal PCO2 was kept constant at the desired level during
a given experiment by means of a servo-controlled ventilator. Phrenic and cervical
nerve activities were used as indices of efferent output from the respiratory and
cardiovascular controllers, respectively.
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METHODS
Studies were performed in thirteen adult cats weighing 2i1-3-6 kg. They were anaesthetized first
with ether and then given chloralose (40 mg/kg) and urethane (250 mg/kg) via the femoral vein.
A tracheostomy was performed and continuous sampling ofairway Pco2 was accomplished by means
of a catheter placed in the airway; analysis was made by an infra-red CO2 analyser (Beckman LB-2).
The animal was placed supine on a table equipped with a rigid head mount. The carotid sinus
nerves and vagi were identified visually and cut. In order to expose the ventral surface of the
medulla oblongata, the larynx and oesophagus were retracted rostrally, the muscle covering the
basal portion of the occipital bone removed and the bone between the tympanic bullae chipped
away. Bleeding was controlled with bone wax and Gelfoam.
At this point one cervical nerve and one phrenic nerve root (C5) were exposed, desheathed and
placed on bipolar platinum recording electrodes. Both electrodes were built into small acrylic
platforms which were placed in tissue wells adjacent to the nerves. Since they had no fixed external
attachments (the electrical wires were flexible and moved freely) it was possible, even during a long
experiment, to maintain a constant electrical coupling between nerve and electrode. Both nerves
and electrodes were submersed in pools of mineral oil. The animal was then ventilated with 100%
02 with a volume-cycled ventilator and paralysed with gallamine triethiodide, 3 mg/kg iv.
initially, followed by a continuous infusion at a rate of 3 mg/kg . h to maintain paralysis. The
combination of chloralose and urethane provides a very long-lasting anaesthesia. The level of
anaesthesia is suitable for studies lasting 6-7 h (Eldridge, 1973). In order to prevent significant
changes in end-tidal and arterial Pco, secondary to changes in cardiac output and venous CO2 return
to the lungs, the d.c. voltage on the ventilator's motor was controlled by the animal's end-tidal
Pco, through an electronic circuit. The ventilator's rate was thereby servo-controlled to maintain
end-tidal Pco, constant at any set point (Smith, Mercer & Eldridge, 1978).
Following these preparations, the dura overlying the ventral surface of the medulla was cut near
the mid line and retracted laterally. In order to cool focally the intermediate areas, which are located
bilaterally and just rostral to the rootlets of the twelfth cranial nerves (Schlaefke & Loeschcke,
1967; Cherniack et al. 1979; Millhorn et al. 1982), a two-footed silver thermode was used. The
thermode was cooled by circulation of cold liquid through it and its tempreature, measured by a
thermistor embedded near the tip, was set and precisely maintained by a servo-controlled heating
element. The contact area of each foot of the thermode was 1.0 by 1.5 mm and the distance
separating the feet was 6 mm.
In order to place the thermode on the intermediate areas, the rootlets of the twelfth cranial nerves
were first identified. The thermode was then lowered by means of a micromanipulator until the
feet were touching the ventral surface just rostral to the rootlets. The thermode was then cooled
to 20 'C. The optimum placement of the thermode for cooling the intermediate areas was
determined by moving the feet rostrally until the location where cooling caused the greatest
decrease in phrenic activity was found. The area of maximum effectiveness is relatively small
(Cherniack et al. 1979; Millhorn et al. 1982).
Experimental protocols
Effect on phrenic and cervical nerve activities offocal graded cooling of the intermediate areas
Three types of experiments were performed. In the first type (seven cats) the temperature of the
intermediate area thermode was set initially at 40 'C. The end-tidal PCO2 was set approximately
8-12 torr above apnoeic threshold so that elevated levels of phrenic and cervical nerve activities
were obtained. After all variables had become stable, recordings were made of phrenic activity,
cervical nerve activity, airway Pco, arterial pressure and thermode temperature. The temperature
of the thermode was then lowered to 20 'C without allowing end-tidal PCO2 to change and the
responses recorded. After approximately 60 s the intermediate area thermode was rewarmed to
40°C.
In the second type of experiment (seven cats), the end-tidal Pco2 was once again set so as to
yield elevated levels of phrenic and cervical nerve activities when the thermode temperature was
40 'C. After stable conditions had been achieved, recordings of all variables were made. The
temperature of the thermode was then lowered to 35 'C without allowing the end-tidal PCO2 to
change, and recordings were again made after all variables had become stable (usually about 5 min).
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Additional measurements were made at thermode temperatures of 30, 25 and 20 'C. End-tidal PCO2
was kept constant throughout the experiment.
The third type of experiment (five cats) was identical to the second type except that end-tidal
Pco, was lowered so as to yield a level of phrenic activity just above apnoeic threshold when the
thermode temperature was 400C.
Effect on phrenic and cervical nerve activities of step increases in end-tidal Pco,
Two types of experiments were performed. In the first (six cats), the end-tidal PCO which yielded
a level of phrenic activity just above apnoeic threshold when the thermode was 400C was
determined. End-tidal PCO, was then raised in steps and the steady-state values for phrenic and
cervical nerve activities recorded at each step. Intermediate area temperature was kept constant
at 400C during the entire experiment.
In the second type of experiment (five cats), the end-tidal Pco, value corresponding to apnoeic
threshold was determined when the intermediate area temperature was 400C. Once this had been
achieved, the thermode was cooled to 200C. This lowered the phrenic activity to well below
apnoeic threshold. Cervical nerve activity remained above threshold. End-tidal PCo, was then
raised in steps as before and steady-state value for cervical nerve activity recorded. Occasionally,
at high levels ofC02, phrenic activity exceeded apnoeic threshold. When this occurred, steady-state
values for phrenic activity were recorded. The intermediate area temperature was kept constant at
200C during the entire experiment.
Multiple experiments were performed on each cat.
Data analysis
Data obtained included phrenic nerve activity, cervical sympathetic nerve activity, arterial
pressure, airway Pco(, thermode temperature and a signal marking the onset and offset of
stimulation, all of which were recorded on magnetic tape. Breath-by-breath analysis of all
experiments was performed on-line by a computer (DEC PDP 11/23). Integrated phrenic and
cervical nerve activities were determined for each 0-1 s period by means of step-hold integrators
(Gould 13-4615-70). Two different types of activity were measured from integrated cervical nerve
activity. The first was the tonic level of firing which was measured as the mean level of activity
above zero and recorded every 5 s. The second was respiratory rhythmic activity which was
superimposed on the tonic (mean) level of firing. This is referred to as inspiratory related discharge
and quantified as the square root of the variance of cervical nerve activity (Biro & Partridge, 1971).
Since the absolute electrical activity measured from a nerve in a given animal depends upon the
size ofthe nerve, integrity of its fibres and its electrical coupling with the electrode (Eldridge, 1975),
it cannot be used to make comparisons among cats. To do this, the data were normalized by
assigning a value of 70 units to the highest level of phrenic and cervical nerve activities found in
each cat when the end-tidal Pco2 was raised 20 torr above apnoeic threshold (Eldridge, Gill-Kumar
& Millhorn, 1981). From this, a value corresponding to 100 units was calculated. All other values
were scaled accordingly.
RESULTS
Effect on phrenic and cervical nerve activities offocal cooling of the intermediate areas
The effect on integrated phrenic and cervical nerve activities in one cat of transient
cooling of the intermediate areas from 40 to 20 0C is shown in Fig. 1. End-tidalPCO,
was kept constant at 40 torr. An inspiratory related discharge of cervical nerve
activity was pronounced when the intermediate areas were at 40 0C. Cooling the
intermediate areas to 20 0C led to a reduction of phrenic activity and the amplitude
of the inspiratory related discharge. Note that the inspiratory related discharge of
sympathetic activity disappeared at low levels of phrenic activity. The intermediate
areas were then rewarmed to 40 00; phrenic activity returned to its original control
level, and the inspiratory related discharge reappeared and returned to its original
control level.
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Fig. 1. Effect on integrated cervical nerve activity and integrated phrenic nerve activity
of transient cooling of intermediate areas (L.a.). End-tidal Pco2 was kept constant at
40 torr.
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Fig. 2. Effect on integrated cervical and phrenic activities ofgraded cooling ofintermediate
areas. End-tidal PCO2 was kept constant at 40 torr.
Fig. 2 shows the effect on phrenic and cervical activities in one cat in which the
intermediate areas were cooled from 40 to 20 0C in steps. End-tidal Pco2 was kept
constant (40 torr) throughout the experiment. Graded cooling of the intermediate
areas caused progressive decreases of phrenic activity and the amplitude of the
inspiratory related discharge of cervical nerve activity. Phrenic activity was at or
slightly below the apnoeic threshold when the intermediate areas were at 20 'C. An
important finding was that small reductions in intermediate area temperature (i.e.
when temperature spread was minimal or non-existent) caused similar reductions in
phrenic and cervical nerve activities. The inspiratory related sympathetic discharge
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was markedly reduced at 30 TC, and absent at 25 'C. Further cooling to 20 'C had no
effect on the mean level of cervical nerve activity.
The average findings from seven cats studied in this way are shown in Fig. 3. End-
tidal PCO, was kept constant at a level of (40 + 2 torr) sufficient to prevent apnoea
when intermediate areas were cooled to 20 'C (Fig. 3A). Phrenic activity decreased
progressively as the intermediate areas were cooled from 40 to 20 'C. The magnitude
0% A- B MeanA 130 C
= 60 60 -"
2~~~ -~~ E 110
Cu CD~~~~~~~~~~~~~~~~~~~~~~~~~4
20- 40 90Inspiratory co
C~~~~~~~~~~C
eal192.Fig.3 showsatheeffect(ee as ofgraed coolingofntermeiatcrasonerveiactivit.Te
amplitude ofthe inspiratory related discharge decreased in a manner that was similar
to the decrease in phrenic activity. Mean cervical activity (i.e. the tonic level of
firing), on the other hand, showed only a small reduction which was probably due
to loss of the superimposed inspiratory related discharge. Graded cooling of the
intermediate areas was also associated with a progressive decrease in mean arterial
pressure (Fig. 3 C). This decrease in arterial pressure reflected the decreases in phrenic
activity and the inspiratory related discharge of cervical sympathetic activity, but
not the mean level of discharge, implying that the inspiratory related discharge is
important in regulation of vasomotor tone.
To test this possibility, the effect on arterial pressure of graded cooling of the
intermediate areas in the absence of inspiratory related sympathetic discharge was
examined. The findings from one such experiment are shown in Fig. 4. When the
intermediate areas were held at 40ct, end-tidal PCO was lowered so as to cause
phrenic activity to be just above apnoeic threshold. This abolished the inspiratory
related discharge but not the tonic firing of cervical nerve activity. Now, graded
cooling of the intermediate areas to 20 'C had no effect on either the tonic level of
cervical nerve activity or arterial pressure, supporting the view that inspiratory
related discharge is an important element of arterial vasomotor regulation. This also
shows that intermediate area cooling has no effect on the tonic firing of sympathetic
neurones.
Fig. 5 shows the averaged findings of five cats studied in this way (Fig. 5C and D)
and can be compared with those from the seven cats (Fig. 5A and B) in which the
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Fig. 4. Effect on arterial pressure (A.P.) and integrated cervical nerve activity of graded
cooling ofintermediate areas when phrenic activity was just above (40 TC) or below apnoeic
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Fig. 5. Averaged effect on the magnitude of the respiratory modulation of cervical nerve
activity (A) and mean arterial pressure (B) when phrenic activity was above threshold
during the entire range of intermediate area cooling. These are the same data as those
shown in Fig. 3. Panels C and D show the averaged effect on these variables when the
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phrenic activity was above threshold during the entire range of cooling. It is clear
that when phrenic activity was above threshold and inspiratory related sympathetic
discharge present (A and B), cooling caused progressive reductions in both the
amplitude ofthe inspiratory related discharge and arterial pressure. In contrast, when
the cooling was performed with phrenic activity near or below threshold (C and D),
there was essentially no change in cervical nerve activity and only a small decrease
in arterial pressure. Notice that when the intermediate areas were at 40 0C, arterial
pressure was not appreciably different in the two types of experiments despite the
fact that phrenic activity was near threshold in the later type. This was probably
due to the fact that CO2 is a potent dilator of blood vessels (Somlyo & Somlyo, 1970),
therefore lowering CO2 would cause vasoconstriction by local mechanisms and offset
the effect ofloss ofchemoreceptor activity. For this reason, it is impossible to compare
results obtained when central respiratory drive was reduced by cooling the
intermediate areas with end-tidalPCO, kept constant to those in which central
respiratory drive was reduced simply by lowering end-tidalPCo2*
The effect on phrenic and cervical nerve activitiesofstep increases in end-tidalPco,
The effect on phrenic and cervical nerve activities in one cat of step increases of
end-tidal PCO, are shown in Fig. 6. It is clear that both activities increased
progressively with increasing hypercapnia and appeared to reach a plateau at about
50 torr. At low levels of phrenic activity there was a tonic level of cervical nerve
activity, with an absence of inspiratory related discharge. The averaged responses
(n = 6) for phrenic and cervical nerve activities to step increases in end-tidalPCO,
are shown in Fig. 7. Both phrenic activity and the amplitude ofthe inspiratory related
discharge of cervical nerve activity increases progressively with increasing PCo2.
There was a clear tendency for the response lines to curve to the right (Eldridge,
Gill-Kumar & Millhorn, 1981). The mean or tonic level of integrated cervical nerve
activity showed only a small increase.
The next part of the study was performed to determine if sympathetic neurones
receive direct input from the central chemoreceptors. To do this the end-tidal PCO.
that caused phrenic activity to be at or just above apnoeic threshold was determined
when the intermediate areas were 40 'C. The intermediate areas were then cooled to
20 'C. This lowered phrenic activity to well below the apnoeic threshold. A CO2
response curve was then obtained. The results from one such experiment are given
in Fig. 8, and shows that phrenic activity (A) remained below the apnoeic threshold
even when end-tidal PCO, was raised as much as 30 torr. An important finding
was that the level of cervical nerve activity recorded when end-tidal PCO2 was
1 torr above threshold actually decreased as end-tidal PCo, was increased. The results
in Fig. 8B are from another cat and are similar to those in A except that phrenic
activity exceeded threshold when end-tidal PCO2 was increased 15 torr. As before,
increasing end-tidal PCO, caused inhibition of cervical activity when phrenic activity
was below threshold. However, when phrenic activity reached or exceeded threshold,
further increases of end-tidal PCO2 caused stimulation of cervical activity.
Graphical representation of results from two different cats studied in this way are
shown in Fig. 9. Panel A shows the effect on cervical activity of step increases in PCO2
when phrenic activity (B) was below threshold during the entire CO2 response curve.
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Fig. 6. Effects on integrated cervical and phrenic activities of step increases in end-tidal
Pco,. Note the absence of respiratory related sympathetic discharge at low CO2 even
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Fig. 8. A shows the inhibitory effect on integrated cervical nerve activity of step increases
in end-tidal PCO2 when phrenic activity was below apnoeic threshold. B shows findings
from a similar experiment in another cat. Note that once phrenic activity had exceeded
threshold when end-tidal Pco, was raised 15 torr, further increases in CO2 now caused
stimulation of cervical activity.
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Fig. 9. Graphical representations of the effect on cervical activity of step increases in
end-tidal Pco, when phrenic activity remained below threshold (A and B) and when
phrenic activity exceeded apnoeic threshold (indicated by arrows in panels C and D) during
the course of the CO2 response curve.
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It is clear that under these conditions increasing PCO2 caused progressive inhibition
of cervical activity. In another experiment, phrenic activity (D) exceeded apnoeic
threshold when end-tidal PCO2 was increased approximately 8 torr. Cervical activity
(C) showed an initial inhibition that was followed by progressive excitation after
phrenic activity exceeded threshold. These findings certainly suggest that neither
central cardiovascular controller nor sympathetic neurones receive direct input from
the central chemoreceptors, but are driven instead by collateral input from neural
networks that regulate respiration.
DISCUSSION
The precise pathways by which afferent input from the central chemoreceptors
reach the respiratory controller have not been elucidated. However, it is known that
surgical ablation or extreme cooling of small non-chemosensitive areas (intermediate
areas), located bilaterally and superficially near the ventral surface of the medulla,
abolishes responsiveness to hypercapnia and hydrogen ions (Schlaefke & Loescheke,
1967). Therefore it is believed that the intermediate areas are in some way involved
in conducting afferent input from the central chemoreceptors to the respiratory
controller. The discovery that graded focal cooling of the intermediate areas leads
to graded reductions in respiration (Cherniack et al. 1979; Millhorn et al. 1982) and
the response to CO2 (Millhorn et al. 1982), provides a very convenient way for
studying respiratory and cardiovascular interaction without the confounding
problems associated with changing blood and brain extracellular fluid CO2 and
hydrogen ion concentrations.
This technique was employed in the present study to assess the effect on phrenic
activity, sympathetic activity and arterial pressure of decreased central respiratory
drive at constant end-tidal PCo2. The findings show clearly that graded cooling of
the intermediate areas caused proportional decreases in phrenic nerve activity,
cervical nerve activity and mean arterial pressure. This indicates that the central
chemoreceptors may indeed be involved in regulation of sympathetic activity.
However, the findings do not rule out the possibility that other areas of the medulla
are chemosensitive and selectively affect the cardiovascular system (Trzebski et al.
1974), nor do they exclude the existence of other regions of the ventrolateral medulla
being involved in regulation ofthe sympathetic nervous system (Dampney, Goodchild,
Robertson & Montgomery, 1982).
Lioy, Hanna & Polosa (1978) recently examined the effect of intermediate area
cooling and hind-limb perfusion pressure in anaesthetized cats. They found that
cooling the intermediate areas to 12 TC caused a decrease in perfusion pressure and
heart rate. Furthermore, the magnitude of the increase in hind-limb perfusion
pressure during hypercapnia was reduced significantly by the cooling. These findings
are in agreement with those of the present study. Nevertheless, it should be pointed
out that because of the magnitude of the cooling in their study, temperature spread
to adjacent and deeper medullary structures cannot be ruled out (Byck & Dirlik, 1963;
Benita & Conde, 1972). This is not the case in the present study because proportional
decreases in all variables were measured when the intermediate areas were cooled in




Furthermore, it has been established that cooling in this range affects primarily
synaptic transmission, with only minimal affect on axonal conduction (Bowsher,
Mallart, Petit & Albe-Fessard, 1968; Benita & Conde, 1972).
It is well known that sympathetic activity shows periodic bursts of activity that
are related to respiration (Adrian, Bronk & Phillips, 1932; Cohen & Gootman, 1970).
An important finding of the present study was that both the decrease in sympathetic
activity during graded cooling of the intermediate areas and the increase during
progressive hypercapnia were due primarily to changes in the amplitude of the
inspiratory related sympathetic discharge. The tonic level of activity was essentially
unaffected. Similar results were reported by Preiss & Polosa (1977). They measured
the response of single sympathetic preganglionic neurones to changes in end-tidal
PCO2 and found that only those neurones that showed a respiratory rhythmicity were
markedly affected by CO2
An unexpected but exciting result was that during intermediate area cooling,
arterial pressure decreased in much the same fashion as did phrenic activity and the
amplitude of the inspiratory related sympathetic discharge. In other words, the
amplitude of the inspiratory related discharge rather than the mean level of
sympathetic activity seems to be the mechanism that mediates the arterial pressure
response to chemoreceptor input. This is supported by the finding that in the absence
of the inspiratory related discharge, intermediate area cooling had only a minimal
affect on cervical activity and arterial pressure (see Figs. 4 and 5).
In view of this finding, the question may be asked as to what functional role the
inspiratory related discharge of sympathetic activity plays in control of the
circulation? The answer is speculative. It is known that a brief single electrical shock
to a nerve fibre that innervates an arteriole causes constriction that reaches a peak
in about 10 s and then subsides during the subsequent 60 s (Wiederheilm, 1969). It
is easy to envisage that the inspiratory related discharge, which is asymmetrical in
the positive direction (Preiss, Kirchner & Polosa, 1975), provides in a similar fashion
extra 'shocks' to vasomotor fibres, thereby causing vasoconstriction beyond that
elicited by ongoing tonic sympathetic activity. Because the inspiratory related
discharge occurs often enough (15-20/min), and because of the slow relaxation of
vascular smooth muscle, arterial pressure is maintained at an increased level. For
example, the increase in arterial pressure observed during hypercapnia (Schneider &
Truesdell, 1922; Dripps & Comroe, 1947; Suutarinen, 1966; Lioy et al. 1981) can be
explained on this basis, i.e. inhaling increasing concentrations of CO2 stimulates
breathing and increases the amplitude of the inspiratory related discharge (see
Fig. 6) which, in turn, further stimulates the smooth muscle of resistance vessels.
This leads to a progressive increase in arterial pressure. Therefore, the increase
in arterial pressure during hypercapnia (or during carotid body stimulation;
D. E. Millhorn, unpublished observations) does not depend on an over-all increase
in sympathetic activity but rather on an increase in the amplitude of the inspiratory
related discharge. This may be a major mechanism by which the respiratory and
cardiovascular systems 'interact'.
Another important issue is whether afferent input from the central chemoreceptors
activates sympathetic neurones directly or indirectly via connexions with respiratory
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control networks. In a recent review on this subject Koepchen, Klussendorf &
Sommer. (1981) concluded that co-ordination of the respiratory and cardiovascular
systems is best explained on the basis ofcommon (or direct) inputs to both controllers
rather than 'intracentral coupling' of the sytems. However, the present finding that
central chemoreceptor input affects primarily the amplitude ofthe inspiratory related
discharge rather than mean sympathetic activity implies that neuronal connexions
between the two controllers are important. To examine this issue further, the effect
on sympathetic activity of progressive hypercapnia when respiration was below the
apnoeic threshold was studied (Figs. 8 and 9). If sympathetic neurones (i.e. the
cardiovascular controller) receive direct input from the central chemoreceptors, their
activity would increase with increasing CO2. This was not the case. In fact, increasing
end-tidal PCO2 caused progressive inhibition of sympathetic activity (Fig. 8 B). If, by
chance or design, the phrenic activity exceeded threshold during the course of the
end-tidal PCO2 response curve, further increases in end-tidal PCO2 led to enhancement
of sympathetic activity. This finding indicates that sympathetic neurones do not
receive input directly from the central chemoreceptors, but rather indirectly from
the central respiratory controller. Preiss & Polosa (1977) found that some sympathetic
preganglionic neurones in the cervical nerve that fired occasionally during expiration
decreased their discharge with increasing CO2 levels. This observation is consistent
with those of the present study.
It should be pointed out that cooling the intermediate areas to 20 0C does not
prevent the central chemoreceptors from responding to the stimulus, nor does it
prevent impulses from the chemoreceptors reaching target neurones, as evidenced by
phrenic activity exceeding threshold in some of the experiments. Because CO2 causes
vasodilation via local mechanisms (Somlyo & Somlyo, 1970), arterial pressure was
not used as a quantitative index of central cardiovascular control in any experiment
in which hypercapnia was used to stimulate the central chemoreceptors.
Finally, Koepchen et al. (1981) proposed that the respiratory rhythm measured in
respiratory and cardiovascular nerves emanates from a rhythm generator that sends
in parallel afferents to the respiratory and cardiovascular control networks. The
finding in the present study that the inspiratory related discharge of sympathetic
activity disappeared when phrenic activity was low, but still well above threshold,
does not support their model. There appears to be a crucial threshold of respiration
that must be exceeded before the respiratory related discharge of sympathetic
activity becomes manifest. This suggests that the rhythm generator drives pre-
dominately the respiratory neurones. Once central respiratory drive reaches a crucial
level (e.g. during central chemoreceptor stimulation), the rhythm is 'shared' with
the sympathetic control neurones. In other words, the respiratory rhythm in sym-
pathetic neurones emanates from the respiratory controller, and in this way 'couples'
these vital systems.
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